We examined the influence of D177N (D178N in humans) mutation on the conformational stability of the S2 region of moPrP C with varying pHs by using the SDSL-ESR technique. The ESR spectrum of D177N at pH 7.5 was narrower than that of Y161R1, referred to as WT*. The ESR spectrum of D177N did not change when pH in the solution decreased to pH 4.0. Our results suggested that the disappearance of a salt bridge (D177-R163) induced the increase in the instability of S2 region. Moreover, the line shape of the ESR spectrum obtained from H176S neighboring the salt bridge linked to the S2 region was similar to D177N. These results indicate that the protonation of H176 is strongly associated with the stability of S2 region. These findings are important for understanding the mechanism by which the disruption of the salt bridge in the S2 region forms the pathogenic PrP Sc structure in hereditary prion disease.
Introduction
Transmissible spongiform encephalopathys (TSEs), or prion diseases, are a group of fatal neurodegenerative disorders including Creutzfeldt-Jacob disease (CJD), Gerstmann-Sträusler-Scheinker (GSS) syndrome and fatal familial insomnia (FFI) in humans, scrapie in sheep and bovine spongiform encephalopathy in cattle [1] . Though the precise mechanism and parameters of the conversion from the normal cellular prion protein (PrP C ) to the abnormal (scrapie-like and -sheet-rich) form of prion protein (PrP Sc ) is still unknown, the accumulation of PrP Sc in endosomes, the main intracellular acidic organelles, indicates that the process of conversion from PrP C to PrP Sc requires physiological acidic pH conditions [2] [3] [4] .
The inherited prion diseases associated with mutations in the prion protein (PRNP) gene coding for PrP fall into three major groups: CJD, GSS syndrome and FFI [5] . Despite their phenotypic differences, FFI and one familial type of CJD (CJD 178 ) are both linked to a single mutation of PRNP at codon 178 resulting in the substitution of asparagine for aspartic acid (D178N) [6] . NMR data have revealed that a residue of Asp 178 (D178) forms a salt bridge with Arg 164 (R164), which holds the -sheet against Helix2 [7] . Moreover, the Molecular dynamics (MD) simulations indicate that the electrostatic interaction between D178 and R164 plays an important role in the dynamic stability of PrP C [8] . Thus, it was
proposed that the neutralization of D178 at low pH removes interactions that inhibit a structural change at neutral pH. In addition, His 187 (H187) has also been reported to be involved into a pathogenic mutation associated with GSS syndrome (H187R), which implies a positively charged residue in position 187, analogous to H187 protonation [9, 10] . A recent study suggested that the breaking of the salt bridge between Glu 195 and Arg 156 induced by the protonation of H187 at acidic pH was the key event underlying the extension of the S2 4 region [11] . However, there is no experimental evidence that these amino acids are involved in the structure of PrP C such as the high flexibility of the S2 region.
Recently, to obtain experimental information about the pH-induced conformational changes, we employed cysteine-scanning site-directed spin labeling (SDSL) combined with electron spin resonance spectroscopy (ESR) and analyzed the pH-induced mobility changes in one -helix (Helix1) and two -sheets (Sheet1 and Sheet2) of mouse PrP C (moPrP C ) [12, 13] . Our experimental data clearly demonstrated the presence of three pH-sensitive sites in moPrP C , i.e., (1) the N-terminal tertiary contact site of Helix1 (H1), (2) the C-terminal end of H1 and (3) the Sheet2 (S2) region [13] . At low pH, a study using MD simulation showed loosening of the tertiary structure, extension of the S2 region and gain of an extended secondary structure in the N-terminal region followed by a misfolded intermediate rich in a -like structure and a trimetric representation of a PrP Sc protofibril [14] . In addition, high resolution NMR also suggested that the residues at the C-terminal end of H1 and -strand2
were involved in the "starting point" of pH-induced unfolding and implicated in endosomic PrP C to PrP Sc conformational transition resulting in TSEs [15] . Therefore, elucidation of how the pH-induced local mobility change correlated with the mechanism of the extension of the S2 region should provide important clues regarding the molecular basis of prion diseases.
In the present study, we examined the influence of mutations, D177N (D178N in humans) and H186S (H187S in humans), on the conformational stability of the S2 region of moPrP C at various pHs. For this purpose, we employed the SDSL-ESR method, since SDSL-ESR has been proven to be a powerful tool to monitor the structure and dynamics of proteins, which are impossible to obtain by NMR and X-ray crystallographic methods [12, 13, 16] . In our SDSL-ESR technique, the nitroxide side chain (R1) derived from
(1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methane thiosulfonate (MTSSL) was 5 introduced into a Tyr 161 (Y161) residue substituted for a cysteine residue by site-directed mutagenesis (Fig. 1A ).
Materials and Methods

Materials.
( These experimental procedures were based on those described previously [12, 13] . To study the influences of amino acid residues Asp 177 and His 186 on the conformational stability of the S2 region around Y161R1, two plasmids containing double mutations, Y161C/D177N and Y161C/H186S, were constructed using this Y161C mutant as a template (Fig. 1B ). In addition, we also created a plasmid encoding Y161C/H176S, to explore the effect of the positive charge of His 176 neighboring the salt bridge, D177-R164, on the structural stability of the S2 region. All moPrP C mutants (Y161C, Y161C/D177N, Y161C/H186S and Y161C/H176S) were generated by the PCR-based site-directed mutagenesis method and confirmed their change using a CEQ8800 automated sequencer (Beckman Coulter, Inc.). Figure 1B PrP Sc and the pH in intracellular acidic compartments such as endosomes [2] [3] [4] . In a previous study, we also analyzed the pH-induced conformational changes in moPrP C using SDSL-ESR and provided experimental evidence for three pH-sensitive sites in the C-terminal region of moPrP C [12, 13] . In particular, the Y161 in the N-terminal side of S2 region was identified as one of the highly sensitive site for pH change [13] . To obtain further information on the respectively, indicating that the nitroxide probes were strongly immobilized (Fig. 2B) . In contrast, the 1/H 0 from the ESR spectra when the pH in the solution changed from 6.0 to 4.0 increased abruptly from approximately 1.84 to 2.11. These pH-dependent changes of 1/H 0 from ESR spectra were observed when the pH in the solution decreased to near pH 6.5 or less.
Thus it was considered that the pH-dependent mobility change in the S2 region resulted in conformational transition.
Since the pH-dependent conformational change from a rigid to a flexible structure in 8 the S2 region was clearly observed, we next examined whether isosbestic points were present in the ESR spectral changes induced by the decrease of pH. We prepared absorption spectra through integration of the first derivative spectrum in WT* at each pH from 7.5 to 4.0. In the superimposed spectra, six points that did not change during pH change were observed (Fig.   3C , black arrows). This observation indicated the presence of isosbestic points, suggesting that the conformational transition from a mobile structure to an immobile structure in the S2 region occurred at around pH 6.5. These findings indicated that the conformational transition occurred at between pH 6.5 and pH 6.0. These observations are the first evidence for structural instability in the S2 region in response to pH, which was assumed based on MD simulations [14] .
Influence of the pathogenic mutations on the conformational stability of the S2 region with varying pH
Recently, MD simulation has shown that the mutation of Asp to Asn at position 178 plays an important role in the conformational conversion to -sheet-rich PrP [18] . Linkages between familial prion diseases and mutations in the gene encoding human prion protein were reported and over 20 such mutations have been shown to date to segregate familial CJD, GSS and FFI [1, 19, 20] . The D178N mutation is one of the most intriguing disease-related mutations and leads to different phenotypes of human prion disease depending upon the polymorphism at position 129. The D178N mutant with methionine at 129 is associated with FFI, whereas the same mutant with valine at 129 correlates with hereditary CJD [6] . It was reported that the D178 side chain is involved in a salt bridge with R164, connecting Helix2
with the -sheet [8, 21] . These reports led us to speculate that the D178N mutation induces a flexible structure of Helix2 and the -sheet by disruption of a salt bridge with R164. To 9 clarify whether the mutations of D177 (D178 in humans) were actually associated with pH-dependent conformational changes in the S2 region, we measured the effects of pH changes on ESR spectrum of D177N. The ESR spectrum of D177N at pH 7.5 was narrower than that of WT* (Fig. 3A) . The ESR spectrum of D177N did not change when the pH in the solution decreased from 7.5 to 4.0. Figure 3B shows [22] . Analysis of Cu, Zn-superoxide dismutase showed that the pK a value of the C-terminal histidine was 6.73 [23] . Since our data showed the conformational transition of WT* started from pH 6.5 ( Fig. 2B and 2C) , which was close to the pK a of the histidine residue but not that of the asparagic acid residue, and the salt bridge (D177-R163) was essential for this pH-induced conformational transition in the S2 region of WT* as mentioned above, the histidine residue neighboring at the S2 region appeared to interfere with the interaction in the salt bridge (D177-R163). Therefore, we selected His 176 neighboring salt bridge D177-R163
and measured the ESR spectra of the H176S mutant. The line shape of the ESR spectrum obtained from H176S at pH 7.5 was narrower than that of WT* and the spectral change of H176S was small, when the pH in the solution decreased from 7.5 to 4.0 (Fig. 3A) . The behavior of pH-dependent-spectral changes of H176S seemed to be close to that of D177N, rather than those of WT*, as indicated by the Im/M ratio (Fig. 3B) . These results indicated that the H176 was strongly associated with the stability of S2 regions, although this histidine residue (human 177) was reported to have little effect on the overall spatial arrangement of PrP in an MD simulation study [11] .
His 187 is reported to be involved in a pathogenic mutation associated with GSS syndrome (H187R) [9, 10] . A recent study indicated that the breaking of the salt bridge (E195-R156) induced by the protonation of H187 at acidic pH was the key event underlying the extension of the S2 region [11] . However, in the present study, there were no differences in either the line shapes or the value of 1/H 0 from the ESR spectra of WT* and H186S at pH 7.5 (Fig. 3A) . Furthermore, the ESR spectrum of H186S became narrower when pH was decreased from 7.5 to 4.0. This pH-dependent change in the line shape and Im/M ratio of H186S was quite similar to that of WT* (Fig. 3A and 3B ). These result indicated that H186
was not involved in the pH-dependent instability in the S2 region. In humans, the trigger of pH-dependent conformational changes of GSS syndrome (H187R) may be different from those of FFI and CJD 178 with point mutation of D178. Furthermore, we examined the conformational stability of the S2 region in the Q167R mutant, which acts as a dominant-negative, an inhibitory mutant against PrP Sc formation (neighboring the S2 region)
11 [24] . The pH-dependent mobility change in Q168R was also similar to WT* and H186S (data not shown). These results indicated that the conversion from PrP C to PrP Sc may be affected by several mechanisms of conformational change, including pH-dependent instability in the S2 region.
In conclusion, the present cysteine-scanning SDSL-ESR study for full-length recombinant moPrP C provided experimental evidence that amino acid residues D177 and H176, but not H186, were important in the pH-induced conformational instability of the S2 region. In the D177N mutant, the mobility of the S2 region at natural pH was significantly higher than that in WT* and was similar to that in WT* at acidic pH. Moreover, the conformational transition of the S2 region started from pH 6.5, which was close to the pK a of the histidine residue and the protonation of H176 was strongly associated with the stability of S2 regions. These findings appear to be essential for understanding the mechanism by which the disruption of the salt bridge in the S2 region forms the pathogenic PrP Sc structure in hereditary prion diseases. 
Legends to figures
Figure 2
The effect of pH on the ESR-spectra from the WT* mutant. 
Figure 3
The roles of amino acid residues D177, H176 and H186, in the pH-dependent conformational changes in the S2 region. 
